Introduction
The power industry is the largest source of CO 2 emissions in Poland. Emissions from the energy sector accounted for 52.37% (162 689.57 kt) of the total emissions in 2015, which was estimated at 310.64 million tons of CO 2 . Bituminous coal is the primary fuel for energy production in the power industry (about 56%), but biomass energy use is becoming increasingly important; the biomass energy consumption amounted to 67.892 PJ and 101.980 PJ in 2010 , respectively (Pnir 2016 .
Biomass is an interesting fuel for energy because it is considered as a renewable energy source. CO 2 emissions from biomass combustion are not included in the total emissions from the combustion of fuels, resulting in the zero-emission factor for biomass, which is in line with the EU Emissions Trading Scheme and the IPCC guidelines.
However, the combustion and co-combustion of biomass produces, as in the case of all solid fuels, waste of limited economic use. One of their possible applications is the mineral sequestration of carbon dioxide.
Mineral sequestration using energy waste (fly ash) is an interesting option for the energy industry to reduce CO 2 emissions. The use of ashes to bind CO 2 allows not only to carbon
The mineral sequestration of CO 2 with the use of fly ash from the co-combustion of coal and biomass
The studies on the use of ashes from coal-fired power generation are carried out in many countries (noack et al. 2014; Mayoral et al. 2013; Siriruang et al. 2016; Ukwattage et al. 2013 Ukwattage et al. , 2015 Guo et al. 2015; Ebrahimi et al. 2017; Ji et al. 2017; Jo et al. 2012; Dananjayan et al. 2016; Mazzella et al. 2016; Wee 2013; Bobicki et al. 2012) , including Poland (Uliasz--Bocheńczyk et al. 2006a , b, 2007 , 2008 , 2011 , Uliasz-Bocheńczyk 2008 , 2011 .
The studies use ashes from hard coal, lignite (Table 1) , and biomass combustion (Table 2) . The process of the mineral sequestration of carbon dioxide in the carbonation process, using ashes from the energy sector, is carried out by means of indirect and direct methods, predominantly through the CO 2 − slurry method (Table 1) .
The materials used for testing
Fly ashes resulting from the co-firing of hard coal and biomass, as described in Uliasz--Bocheńczyk et al. 2016 , were subjected to the carbonation process. The above mentioned ashes are the result of the co-combustion of forest biomass (80%) and agricultural waste (20%) with hard coal in a conventional pulverized boiler For the analyzed fly ashes resulting from the co-firing of biomass, the mentioned maximum theoretical carbon dioxide binding capacity is 8.03%, which is a relatively low result compared to the maximum capacity calculated for fly ash from hard coal combustion -24.6% (Mazzella et al. 2016) ; fly ash from biomass combustion -around 38% (Gunning et al. 2010) ; fly ash from lignite combustion (Uliasz-Bocheńczyk 2009), or the mixture of fly ash and desulphurization products.
The degree of carbonation -mineral sequestration of CO 2
Fly ashes from co-firing were subjected to a direct gas-solid mineral carbonation process for 28 days. The wetted fly ash resulting from the co-combustion of biomass and coal were placed in sealed chambers supplied with CO 2 (Uliasz-Bocheńczyk 2009).
The phase composition of CO 2 treated fly ashes was examined with use of the debye-Scherrer-Hull X-ray powder method (XRD) using a Philips X-ray diffractometer with copper radiation (CuKa) and the thermal analysis method (DTA − differential thermal analysis and TG − thermogravimetry) using a netzch 449F3 jupiter analyzer.
The results were compared with the phase compositions determined before exposing the fly ashes to cO 2 (Uliasz-Bocheńczyk et al. 2016) (Fig. 1, 2, and 3) . The CO 2 treatment of the analyzed fly ash results in an endothermic effect with a maximum temperature of about 820°C (Fig. 1) , indicating the decomposition of calcium carbonate -calcite, the primary product of the mineral CO 2 sequestration. This is confirmed by the effect seen on the TG curve for the PWB + cO 2 sample (Fig. 2) , resulting from the mass loss in the temperature range 665-820°C, which has not been observed in the case of the PWB sample. in the PWB sample (Fig. 2) , the only observed effect was associated with the loss of moisture (Uliasz-Bocheńczyk et al. 2016). The X-ray results show the presence of SiO 2 and mullite (Uliasz-Bocheńczyk et al. 2016). After the carbonation process, the peaks associated with the presence of CaCO 3 were recorded, which confirms the dTA/TG results. in addition, the formation of calcite as the primary gas-solid carbonation product confirms the results obtained by the Mazzella et al. (2016) and Dananjayan et al. (2016) . The analysis of phase composition allows the degree of carbonation -mineral sequestration of CO 2 to be determined, usually calculated on the basis of weight gain after carbonation. The degree of carbonation -mineral sequestration of CO 2 can be determined from the following formula (Baciocchi et al. 2009 
CO 2uptake -the extent of carbonation, CO 2initial -initial carbonate content of the sample, CO 2final -final carbonate content of the sample.
The degree of carbonation -mineral sequestration of carbon dioxide for the analyzed fly ashes resulting from the co-firing of biomass and coal calculated using the formula no. 2 is 1.51%.
The impact of the mineral sequestration of CO 2 on the leaching of pollutants
The analyzed fly ashes resulting from the combustion of hard coal and biomass were tested for leaching of pollutants after the process of mineral sequestration of CO 2 . The leaching The carbonation process has reduced the leaching of the examined pollutants (Table 3) . This is particularly evident in the case of potassium concentration in the water extracts (over 60%), sulphates, and chlorides (40%). The reduced leaching in the gas-solid method should be mainly attributed to sorption processes.
The pH of the water extracts of the examined fly ashes decreased from 11.96 (Uliasz-Bocheńczyk et al. 2016) for pure fly ashes to 8.7 for cO 2 treated fly ashes, indicating the presence of carbonation process.
Summary and conclusions
The problem of using fly ash from co-firing biomass with coal in the power industry in the process of mineral sequestration is related to two important issues for this sector: the reduction of CO 2 emissions and the management of by-products of the combustion process. The study aimed to determine the possibilities of using fly ash from co-firing of biomass with coal in the carbonation process.
The study used fly ash resulting from co-combustion of biomass with hard coal in pulverized boilers during the direct gas (CO 2 ) -solid carbonation process.
The process of CO 2 absorption by the analyzed waste and the formation of a small amount of calcium carbonate -calcite have been shown.
The mineral carbonation process significantly reduces the leaching of pollutants from waste products, which may increase the potential for their utilization. Science and Technology, work no. 15.11.100.912. RefeRenCes Baciocchi et al. 2010 − Baciocchi, r., costa, G., di Bartolomeo, E., Polettini, A. and Pomi, r. 2010a Bauer et al. 2011 − Bauer, M. Gassen, n. Stanjek, H. and Peiffer, S. 2011 . carbonation of lignite fly ash at ambient T and P in a semi-dry reaction system for CO 2 sequestration. Applied Geochemistry 26, pp. 1502 -1512 . Bobicki et al. 2012 − Bobicki, E.r. liu, Q. Xu, Z. and Zeng, H. 2012 . carbon capture and storage using alkaline industrial wastes. Progress in Energy and Combustion Science 38, pp. 302-320. dananjayan et al. 2016 -dananjayan, r.r.T. Kandasamy, P. and Andimuthu, r. 2016 . direct mineral carbonation of coal fly ash for cO 2 sequestration. Journal of Cleaner Production 112, pp. 4173-4182.
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MineRalna sekwesTRaCja CO 2 przy zaSTOSOwanIu pOpIOłów lOTnyCh ze wSpółSpalanIa węgla I bIOmaSy S ł o w a k l u c z o w e popioły lotne, współspalanie biomasy, mineralna sekwestracja cO 2 , karbonatyzacja bezpośrednia gaz-ciało stałe S t r e s z c z e n i e W wyniku procesów produkcji energii, energetyka zawodowa w Polsce jest największym źródłem emisji CO 2 w Polsce. Emisja z energetyki stanowiła w 2015 roku 52,37% (162 689,57 kt) całkowitej emisji, która była szacowna na 310.64 milionów ton cO 2 . W ostatnich latach, wraz z zaostrzeniem przepisów dotyczących wykorzystania odnawialnych źródeł energii, zwiększyła się ilość stosowanej w energetyce zawodowej biomasy, ponieważ emisja cO 2 ze spalania biomasy nie jest wliczana do sumy emisji ze spalania paliw, co jest równoważne stosowaniu zerowego wskaźnika emisji. Zarazem w procesach produkcji energii powstają uboczne produkty, które powinny być zgodnie z hierarchią metod postępowania z odpadami przede wszystkim poddane odzyskowi.
Badaniom poddano popioły ze spalania biomasy w kotłach pyłowych, które ze względu na skład chemiczny można zaliczyć do popiołów krzemianowych. Zgodnie z rozporządzeniem Ministra Śro-dowiska z dnia 9 grudnia 2014 r. w sprawie katalogu odpadów, popioły te można zaklasyfikować jako odpad 10 01 17 -popioły lotne ze współspalania inne niż wymienione w 10 01 16.
Maksymalna teoretyczna pojemność związania ditlenku węgla dla analizowanych popiołów ze współspalania biomasy wynosi 8,03%. Badania składów fazowych popiołów poddanych karbonatyzacji wykazały, oprócz składników zidentyfikowanych w czystych popiołach (SiO 2 , mullit), również obecność węglanu wapnia -kalcytu -podstawowego produktu procesu karbonatyzacji, na co wskazują wyniki badań wykonanych zarówno metodą rentgenograficzną jak i termograwimetryczną.
na podstawie analizy wyników badań składów fazowych popiołów lotnych ze współspalania biomasy z węglem kamiennym określono stopień karbonatyzacji. Obliczony stopień karbonatyzacji wyniósł 1,51%. Zachodzenie procesu karbonatyzacji potwierdza również obniżenie wartości pH wyciągów wodnych badanych popiołów, która uległa redukcji z 11,96 dla czystych oraz do wartości 8,7 dla popiołów poddanych działaniu cO 2 . Proces karbonatyzacji wpłynął również na obniżenie wymywalności zanieczyszczeń, przede wszystkim chlorków, siarczanów i potasu. As a result of energy production processes, the power industry is the largest source of CO 2 emissions in Poland. Emissions from the energy sector accounted for 52.37% (162 689.57 kt) of the total emissions in 2015, which was estimated at 310.64 million tons of CO 2 . In recent years, the tightening of regulations on the use of renewable energy sources has resulted in an increased amount of biomass used in the professional energy industry. This is due to the fact that the CO 2 emissions from biomass combustion are not included in the total emissions from the combustion of fuels, resulting in the zero-emission factor for biomass. At the same time, according to the hierarchy of waste management methods, recycling is the preferred option for the management of by-products generated during energy production.
The fly ashes resulting from the biomass combustion in pulverized boilers (which, due to their chemical composition, can be classified as silicate ash) were subjected to analysis. These ashes can be classified as waste 10 01 17 -fly ash from co-firing other than mentioned in 10 01 16 according to the regulation of the Minister of the Environment of december 9, 2014 on waste catalogues.
The maximum theoretical carbon dioxide binding capacity for the analyzed fly ashes resulting from the co-combustion of biomass is 8.03%. The phase composition analysis of the fly ashes subjected to carbonation process has shown, in addition to the components identified in pure fly ash samples (SiO 2 , mullite), the presence of calcium carbonate − calcite − the primary product of the carbonation process, as indicated by the results of both X-ray and thermogravimetric analysis.
